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HOLOGRAPHIC RECORDING TECHNIQUES USING REFERENCE ZONE OF 

SPATIAL LIGHT MODULATOR 

TECHNICAL FIELD 
[0001] The invention relates to holography and, more particularly, to holographic data 
storage. 

BACKGROUND 

[0002] Many different types of data storage media have been developed to store information. 
Traditional data storage media, for instance, include magnetic media, optical media, and 
mechanical media to name a few. Increasing data storage density is a paramount goal in the 
development of new or improved types of data storage media. 

[0003] In traditional media, individual bits are stored as distinct mechanical, optical, or 
magnetic changes on the surface of the media. For this reason, medium surface area poses 
physical limits on data densities of traditional media. 

[0004] Holographic data storage media can offer higher storage densities than traditional 
media. In a holographic medium, data is stored throughout the volume of the medium rather 
than the medium surface. Moreover, data can be superimposed within the same medium 
volume using any of a wide variety of holographic multiplexing techniques. For these 
reasons, theoretical holographic storage densities can approach tens of terabits per cubic 
centimeter. 

[0005] In holographic data storage media, entire pages of information, e.g., bit maps, can be 
stored as optical interference patterns within a photosensitive optical material. This is done 
by intersecting two coherent laser beams within the optical material. The first laser beam, 
called the object beam, contains the information to be stored; and the second, called the 
reference beam, interferes with the object beam to create an interference pattern that can be 
stored in the holographic recording material as a hologram. In most conventional 
holographic recording systems, the object beam and reference beam follow separate optical 
paths. 

[0006] When a stored hologram is illuminated with only the reference beam, some of the 
reference beam light is diffracted by the hologram interference pattern. Moreover, the 

1 



Docket No.: 10415US01 

diffracted light can reconstruct the original object beam. Thus, by illuminating a recorded 
hologram with the reference beam, the data encoded in the object beam can be reconstructed 
and detected by a data detector such as a camera. 

SUMMARY 

[0007] In general, the invention is directed to holographic recording techniques that generate 
a data encoded object beam and a reference beam using a spatial light modulator of a 
holographic recording system. An input light source, e.g., comprising laser light conditioned 
by optical elements, can be used to illuminate the spatial light modulator. Different portions 
of the spatial light modulator are used to create the data encoded object beam and the 
reference beam. The data encoded object beam and reference beam are then made to 
interfere in a holographic medium to record a hologram. 

[0008] In one embodiment, the invention provides a method comprising creating a data 
encoded object beam from an input light source using a first controllable portion of a spatial 
light modulator, and creating a reference beam from the input light source using a second 
controllable portion of the spatial light modulator. 

[0009] In another embodiment, the invention provides a spatial light modulator comprising a 
first set of controllable optical elements to create a data encoded object beam from an input 
light source and a second set of controllable optical elements to create a reference beam from 
the input light source. 

[0010] In another embodiment, the invention provides a holographic data storage system 
comprising a holographic medium and a spatial light modulator. The spatial light modulator 
includes a first set of controllable optical elements to create a data encoded object beam from 
an input light source, and a second set of controllable optical elements to create a reference 
beam from the input light source. 

[0011] In another embodiment, the invention provides a method comprising creating a data 
encoded object beam from an interior portion of an input light source using a spatial light 
modulator, and creating a reference beam from a perimeter portion of the input light source. 
[0012] In another embodiment, the invention provides a spatial light modulator comprising a 
set of controllable optical elements to create a data encoded object beam from an interior 
portion of an input light source, and a perimeter reference zone positioned around the set of 
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controllable optical elements to create a reference beam from a perimeter portion of the input 
light source. 

[0013] In another embodiment, the invention provides a holographic data storage system 
comprising a holographic medium, and spatial light modulator. The spatial light modulator 
includes a set of controllable optical elements to create a data encoded object beam from an 
interior portion of an input light source, and a perimeter reference zone positioned around the 
set of controllable optical elements to create a reference beam from a perimeter portion of the 
input light source, wherein the data encoded object beam and reference beam interfere in the 
holographic medium to create a hologram. 

[0014] In another embodiment, the invention provides a method comprising creating a data 
encoded object beam from a perimeter portion of an input light source using a spatial light 
modulator, and creating a reference beam from an interior portion of the input light source 
using the spatial light modulator. 

[0015] In another embodiment, the invention provides a spatial light modulator comprising a 
set of controllable optical elements to create a data encoded object beam from a perimeter 
portion of an input light source, and an interior reference zone positioned inside the set of 
controllable optical elements to create a reference beam from an interior portion of the input 
light source. 

[0016] In another embodiment, the invention provides a holographic data storage system 
comprising a holographic medium, and spatial light modulator including a set of controllable 
optical elements to create a data encoded object beam from a perimeter portion of an input 
light source, and an interior reference zone positioned inside the set of controllable optical 
elements to create a reference beam from an interior portion of the input light source, 
wherein the data encoded object beam and reference beam interfere in the holographic 
medium to create a hologram. 

[0017] The different embodiments of the invention may provide one or more advantages. 
For example, in various embodiments of the invention, the object and reference beams follow 
substantially the same optical path, which can simplify the holographic recording system. In 
addition, some embodiments can provide phase selectivity in the reference beams, which can 
improve differentiation of overlapping holograms in a holographic recording medium, and 
possibly result in higher storage capacity in holographic media. Moreover, in some 
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embodiments, data encryption or security features can be incorporated into the optical 
characteristics of the reference beams, e.g., so that a reference beam signature would be 
needed to access the data. 

[0018] Another advantage of the techniques described herein is the ability to provide for 
improved detection of stored holograms. For example, if the reference beam and object 
beam are created from different portions of the spatial light modulator, the reference beam 
and object beam can be viewed as respective portions of an SLM plane within the spatial 
light modulator. When a hologram image is reconstructed at the detector plane, this 
hologram image will substantially replicate the image that was encoded at the SLM plane 
during prerequisite recording of the hologram. Therefore, reference beam light intensity will 
not coincide or overlap with the reconstruction of the object beam in the detector plane. This 
can improve the ability to read holograms from holographic media by reducing or 
eliminating reference light contributions that might otherwise degrade the reconstructed 
object. 

[0019] Various embodiments of the invention described herein may also have advantages 
over other embodiments described herein. For example, relative to a spatial light modulator 
that includes a first set of controllable optical elements to create a data encoded object beam 
and a second set of controllable optical elements to create a reference beam, the use of a 
fixed or non-controllable perimeter reference zone provides advantages in terms of reduced 
cost and simplicity in the holographic recording system. On the other hand, use of 
controllable optical elements to create a reference beam provides greater flexibility and 
improved ability for multiplexing relative to use of a non-controllable perimeter reference 
zone to create the reference beam. 

[0020] Moreover, the invention may utilize an interior portion of the spatial light modulator 
for creation of the object beam, which may take advantage of a more uniform light intensity 
profile of an expanded laser beam characteristically exhibiting Gaussian light distribution, 
relative to the intensity on the perimeter reference zone. The uniform intensity light in the 
interior portion may be better suited for data encoding. Moreover, the size of the perimeter 
reference zone (or a controllable perimeter portion) relative to the controllable interior 
portion may be selected to achieve substantially equal intensities in the object and reference 
beams. For example, the perimeter reference zone (or controllable perimeter portion) may be 
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larger in area than the controllable interior portion if uniform intensity light illuminates the 
controllable interior portion so that substantially equal intensities of light illuminate the 
perimeter reference zone and the controllable interior portion. 
[0021] The details of one or more embodiments of the invention are set forth in the 
accompanying drawings and the description below. Other features, objects, and advantages 
of the invention will be apparent from the description and drawings, and from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

[0022] FIG. 1 illustrates a conventional optical arrangement for holographic recording. 
[0023] FIG. 2 illustrates a holographic system according to an embodiment of the invention 
that makes use of a transmissive spatial light modulator to both encode data on the object 
beam and create a reference beam. 

[0024] FIG. 3 is a block diagram of a spatial light modulator, which may correspond to the 
spatial light modulator illustrated in FIG. 2. 

[0025] FIG. 4 is a simplified conceptual view of a transmissive optical array and a 
transmissive perimeter reference zone of the spatial light modulator illustrated in FIG. 3. 
[0026] FIG. 5 is a block diagram of another spatial light modulator, which may correspond to 
the spatial light modulator illustrated in FIG. 2. 

[0027] FIG. 6 is a simplified conceptual view of a first transmissive optical array and a 
second transmissive optical array of the spatial light modulator illustrated in FIG. 5. 
[0028] FIG. 7 illustrates another holographic system according to an embodiment of the 
invention that makes use of a transmissive spatial light modulator to both encode data on the 
object beam and create a reference beam. 

[0029] FIG. 8 illustrates another holographic system according to an embodiment of the 
invention that makes use of a reflective spatial light modulator to both encode data on the 
object beam and create a reference beam. 

[0030] FIG. 9 is a block diagram of a spatial light modulator, which may correspond to the 
spatial light modulator illustrated in FIG. 8. 

[0031] FIG. 10 is a simplified conceptual view of a reflective optical array and a reflective 
perimeter reference zone of the spatial light modulator illustrated in FIG. 9. 
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[0032] FIG. 1 1 is another block diagram of a spatial light modulator, which may correspond 
to the spatial light modulator illustrated in FIG. 8. 

[0033] FIG. 12 is a simplified conceptual view of a first reflective optical array and a second 
reflective optical array of the spatial light modulator illustrated in FIG. 11. 
[0034] FIG. 13 illustrates another holographic system according to an embodiment of the 
invention that makes use of a reflective spatial light modulator to both encode data on the 
object beam and create a reference beam. 

DETAILED DESCRIPTION 

[0035] The invention is directed to holographic recording techniques that generate a data 
encoded object beam and a reference beam using a spatial light modulator of a holographic 
recording system. An input light source, e.g.', comprising laser light conditioned by optical 
elements, can be expanded to illuminate the spatial light modulator. Different portions of the 
spatial light modulator are used to create the data encoded object beam and the reference 
beam, which are then made to interfere in a holographic medium to record a hologram. 
Accordingly, the object and reference beams' follow substantially the same optical path, 
which can simplify the holographic recording system. 

[0036] As described herein, a spatial light modulator may include active elements and 
passive elements. In some cases, two different sets of active elements are used to create 
object and reference beams. In other cases, a set of active elements are used to create the 
object beam and one or more passive elements are used to create the reference beam. In the 
former case, the spatial light modulator includes only active elements, but in the later case, 
the spatial light modulator includes both active and passive elements. The active elements 
are generally referred to herein as "controllable optical elements," whereas the passive 
element or elements are generally referred to as a "non-controllable reference zone" or a 
"non-controllable optical element." 

[0037] In one embodiment, a spatial light modulator includes a first set of controllable 
optical elements to create a data encoded object beam from an input light source and a 
second set of controllable optical elements to create a reference beam from the input light 
source. The first and second sets of controllable optical elements may comprise reflective 
optical elements or transmissive optical elements, depending on the optical arrangement used 

6 



Docket No.: 10415US01 



in the holographic recording system. In other words, the spatial light modulator (SLM) used 
to create both the object and reference beams may be a transmissive type SLM or reflective 
type SLM. 

[0038] The first set of controllable optical elements may form an interior portion of the 
spatial light modulator and the second set of controllable optical elements may form a 
perimeter portion of the spatial light modulator. Alternatively, any respective portions of the 
spatial light modulator may be used to define the respective first and second sets of 
controllable optical elements. For example, the reference portion could alternatively reside 
in the interior portion, or the object and reference portions could reside side-by-side. 
However, using the interior portion for creating the data encoded object beam may provide 
certain advantages in the creation of holograms because expanded laser beams 
characteristically exhibit a Gaussian light distribution, resulting in more uniform light 
intensity in the interior portion. 

[0039] An SLM controller can be used to control the first set of controllable optical elements 
in order to define a bit map in the data encoded object beam and to control the second set of 
controllable optical elements in order to define a reference mask in the reference beam. In 
some cases, multiplexing can be achieved by defining different reference beams for different 
data encoded object beams. In other words, different reference beam masks may be defined 
by the second set of optical elements for use in recording different holograms. In that case, 
the use of different reference beams may allow for multiplexing within a common volume of 
the medium with or without the additional use of shift multiplexing techniques, angle 
multiplexing techniques, wavelength multiplexing techniques, or the like. For example, the 
correlation between different reference beam masks used for two holograms stored in a 
common volume of the medium may be substantially different to allow for readout of the 
different holograms when the different holograms are illuminated by the respective reference 
beam associated with that hologram. 

[0040] Alternatively, holograms associated with different data encoded object beams may 
use similar reference beams defined by the second set of controllable optical elements, with 
multiplexing being performed via shift multiplexing, angle multiplexing, wavelength 
multiplexing, or other multiplexing techniques. In other words, in some embodiments, the 
reference beams are similar for each of the different holograms stored in the medium. In any 



■ 



Docket No.: 10415US01 



case, the use of a portion of the spatial light modulator to define the content of the reference 
beams provides flexibility in the creation of the reference beams. Accordingly, the reference 
beams can be made to be substantially similar for different holograms, or substantially 
different such that the optical characteristics of the reference beams allow for improved 
multiplexing. 

[0041] In an alternative embodiment of the invention, a spatial light modulator includes a set 
of controllable optical elements to create a data encoded object beam from an interior portion 
of an input light source, and a perimeter reference zone positioned around the set of 
controllable optical elements to create a reference beam from a perimeter portion of the input 
light source. In this case, the perimeter reference zone may comprise a fixed reference mask 
that creates the reference beam. In other words, in this case, the perimeter reference zone is 
generally not controllable. The perimeter reference zone may optically manipulate or adjust 
one or more optical characteristics of the perimeter portion of the input light source, such as 
an amplitude pattern, a phase pattern, or a combination thereof to create the reference beams 
for the different holograms. In this embodiment, the reference beam used for different 
holograms would be substantially identical because the perimeter reference zone does not 
change. In an alternative configuration, the non-controllable reference zone could reside in 

i i 

the interior, with the controllable set of elements being located around the interior reference 
zone. The respective portions used to create } the object and reference beams could also affect 
light polarization, e.g., to ensure that polarizations of the object and reference beams match. 
[0042] The perimeter reference zone (or an interior reference zone) may comprise a 
non-controllable transmissive optical element ior a non-controllable reflective optical 
element. In other words, the perimeter reference; zone may be transmissive or reflective, 
depending on the optical arrangement used in the holographic recording system. Again, 
however, in this embodiment, the perimeter reference zone comprises one or more fixed or 
non-controllable elements that statically define the reference beam. Relative to a spatial light 
modulator that includes a first set of controllable optical elements to create a data encoded 
object beam and a second set of controllable optical elements to create a reference beam, the 
use of a fixed or non-controllable perimeter reference zone provides advantages in terms of 
reduced cost and simplicity in the holographic recording system. On the other hand, use of 
controllable optical elements to create a reference beam provides greater flexibility and 
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improved ability for multiplexing relative to use of a non-controllable perimeter reference 
zone to create the reference beam. 

[0043] The controllable interior portion may take advantage of a more uniform light intensity 
of an expanded laser beam characteristically exhibiting Gaussian light distribution, relative to 
the intensity on the perimeter reference zone. In particular, more uniform intensity light in 
the interior portion may be better suited for data encoding relative to light at the perimeter of 
the Gaussian light distribution. Moreover, the size of the perimeter reference zone of the 
spatial light modulator relative to the controllable interior portion may be selected to achieve 
substantially equal intensities in the object and reference beams. For example, the perimeter 
reference zone may be larger in area than the controllable interior portion if higher intensity 
light illuminates the controllable interior portion so that substantially equal intensities of light 
illuminate the perimeter reference zone and controllable interior portion. 
[0044] FIG. 1 illustrates a conventional optical arrangement for holographic recording. As 
shown in FIG. 1, laser 10 produces laser light that is divided into two components by beam 
splitter 14. These two components which exit beam splitter 14 generally have an 
approximately equal intensity and may be spatially filtered to eliminate optical wave-front 
errors. 

[0045] The first component exits beam splitter 14 and follows an object path. This "object 
beam" may then pass through a collection of object beam optical elements 18A-18E and a 
data encoder such as a spatial light modulator 20. For instance, lens 18 A and lens 18B may 
form a laser beam expander to provide a collimated beam to spatial light modulator 20. 
[0046] Spatial light modulator 20 encodes data in the object beam, for instance, in the form 
of a holographic bit map (or pixel array). The encoded object beam passes through lenses 
18C, 18D, and 18E before illuminating a holographic recording media plane 21. In this "4F" 
configuration, lens 18C is located one focal length from spatial light modulator 20 and one 
focal length from Fourier transform plane 24 A. Lens 18D is located one focal length from 
Fourier transform plane 24 A and one focal length from image plane 22 A. Lens 18E is 
located one focal length from image plane 22 A and one focal length from Fourier transform 
plane 24B. 

[0047] The second component exits the beam splitter 14 and follows a reference path that is 
different from the object path. This "reference beam" is directed by reference beam optical 
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elements such as lenses 26A-26C and mirrors 28A-28B. The reference beam illuminates the 
holographic recording media plane 21, interfering with the object beam to create a hologram 
on medium 25. Again, however, in this conventional arrangement, the object beam and 
reference beam follow different optical paths. 

[0048] By way of example, medium 25 may take the form of a disk or a card, or any other 
holographic media format. For example, medium 25 may have a sandwich construction in 
which a photosensitive material is sandwiched between two optically clear glass or plastic 
substrates. The holograms generally comprise a pixel array or bit map that is encoded in the 
object beam. The object beam and reference beam interfere in the photosensitive material of 
medium 25 to create the hologram. 

[0049] When recording a hologram, storage medium 25 is typically located at or near one of 
the Fourier transform planes. Using this system, the data encoded in the object beam by 
spatial light modulator 20 is recorded in medium 25 by simultaneously illuminating both the 
object and the reference paths so that the object beam and reference beam interfere in the 
photosensitive material. 

[0050] After a hologram has been stored on the medium 25, the data encoded in the 
hologram may be read by the system. For readout of the data, only the reference beam is 
allowed to illuminate the hologram on medium 25. Light diffracts off the hologram stored on 
medium 25 to reconstruct or "re-create," the object beam, or a beam of light that is 
substantially equivalent to the original encoded object beam. This reconstructed object beam 
passes through lens 18F permitting a reconstruction of the bit map that was encoded in the 
object beam to be observed at image plane 22B. Therefore, a data detector, such as camera 
30 can be positioned at image plane 22B to read the data encoded in the hologram. 
[0051] The holographic bit map encoded by spatial light modulator 20 may comprise one 
"page" of holographic data. For instance, the page may be an array of binary information 
that is stored in a particular location on the holographic medium as a hologram. By way of 
example, a typical page of holographic data may comprises a 1000 bit by 1000 bit pixel array 
that is stored in a few square millimeters of medium surface area. In other cases, however, 
any sized pixel array could be defined. 

[0052] There are several complexities that make the optical arrangement illustrated in FIG. 1 
difficult to implement in a commercially viable system. For instance, to record a suitable 
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hologram, the two separate optical paths must maintain both precise relative angular 
registration and precise overlap in the media plane. Moreover, the requirement of two 
separate optical paths may impose size constraints for a holographic recording system. In 
addition, separate optical paths for the object and reference beams may mandate the use of 
additional optical elements 26A-26C, 28A-28B. Lenses 26A-26C, for instance, may add 
substantial cost to the system. 

[0053] FIG. 2 illustrates a holographic system 30 according to an embodiment of the 
invention that makes use of a transmissive spatial light modulator 35 to both encode data on 
the object beam and create a reference beam. System 30 includes a laser 3 1 to provide an 
input light source to system 30. One or more optical elements 32 can be used to condition 
the light from laser 31 in order to illuminate spatial light modulator 35. 
[0054] In accordance with the invention, spatial light modulator 35 creates both a data 
encoded object beam and a reference beam from the input light. In particular, two distinct 
embodiments are described in greater detail below for spatial light modulator 35. In one 
case, spatial light modulator 35 includes a first set of controllable optical elements to create a 
data encoded object beam from an input light source and a second set of controllable optical 
elements to create a reference beam from the input light source. A control unit of spatial 
light modulator 35 can be used to control the first set of controllable optical elements in order 
to define a bit map in the data encoded object beam and to control the second set of 
controllable optical elements in order to define a reference mask in the reference beam. 
[0055] In the other case, spatial light modulator 35 includes a set of controllable optical 
elements to create a data encoded object beam from an interior portion of an input light 
source, and a perimeter reference zone positioned around the set of controllable optical 
elements to create a reference beam from a perimeter portion of the input light source. In 
that case, the perimeter reference zone may comprise a fixed reference mask that creates the 
reference beam. 

[0056] The different embodiments of spatial light modulator 35 described herein may 
provide advantages relative to each other. In particular, the use of a fixed or non-controllable 
perimeter reference zone provides advantages in terms of reduced cost and simplicity in the 
holographic recording system. On the other hand, use of controllable optical elements to 
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create a reference beam provides greater flexibility and improved ability for multiplexing 
relative to use of a non-controllable perimeter reference zone to create the reference beam. 
[0057] In system 30, the object and reference beams follow substantially the same optical 
paths, which can greatly simplify the holographic system 30. The object and reference 
beams exit spatial light modulator 35 and are made to interfere in a holographic medium 37 
to record a hologram. One or more optical elements 36 can be used to condition the object 
and reference beams so that the beams properly interfere in medium 37. Medium 37 may 
take the form of a disk or a card, or any other holographic media format. For example, 
medium 37 may have a sandwich construction in which a photosensitive material is 
sandwiched between two optically clear glass or plastic substrates. 
[0058] In one example, system 30 makes use of a 4F configuration in optical elements 36 
and 38, each comprising Fourier transform lenses of a defined focal length. In that case, 
spatial light modulator 35 and optical elements 36 are separated by one focal length, optical 
elements 36 and medium 37 are separated by one focal length, medium 37 and optical 
elements 38 are separated by one focal length, and optical elements 38 and detector 39 are 
separated by one focal length. The medium plane comprises a Fourier transform plane in 
which the object and reference beams are transformed into the frequency domain. In that 
case, Fourier transform holograms are stored in medium 37. 

[0059] In general, the physical separation of the various components of system 30 may be 
dependent on focal lengths associated with optical elements 32 and 36. A wide variety of 
optical arrangements, however, could be used. For example, optical arrangements could be 
defined so that the holograms comprise Fourier transform holograms, image plane 
holograms, Fresnel holograms, van der Lugt holograms, or any other type of hologram that 
can store the data encoded in the object beam by spatial light modulator 35. 
[0060] In order to read stored holograms, spatial light modulator 35 is controlled to 
substantially block the light through the object path. In other words, the elements of spatial 
light modulator 35 which are used to create a data encoded object beam are made to be non- 
transmissive to block substantially all light from the object path. Accordingly, in that case, 
only the reference beam exits spatial light modulator 35 to illuminate medium 37. In one 
example, non-transmissive elements are reflective. In any case, when a stored hologram on 
medium 37 is illuminated by the reference beam only for that given hologram, a 
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reconstruction of the data encoded object beam is created and can be detected by detector 39. 
For example, detector 39 may comprise a camera. One or more optical elements 38 may be 
used to condition the reconstructed object beam for proper illumination of the encoded pixel 
array onto detector 39. ! 

[0061] If desired, another laser (not shown) may provide a probe beam of different 
wavelength from laser 71 . In that case, the probe beam may be used for tracking of stored 
hologram. A tracking pattern that affects the transmission or reflection of the probe beam, 
for example, may be replicated on substrates of medium 37 or stored as tracking holograms 
in medium 37. 

[0062] FIG. 3 is a block diagram of a spatial light modulator 3 5 A, which may correspond to 
spatial light modulator 35 of FIG. 2. In this case, spatial light modulator 35 A includes a first 
transmissive optical array 41, a transmissive perimeter reference zone 42, and a control unit 
43 to control the individual elements of transmissive optical array 41. Transmissive optical 
array 41 may include a set of controllable optical elements to create a data encoded object 
beam from an interior portion of an input light source. Control unit 43 comprises a typical 
SLM controller to control the set of controllable optical elements to define a desired pixel 
array to be stored as a hologram. Moreover,) for readout of stored holograips, control unit 43 
controls set of controllable optical elements to block light through the obj ect path so that only 
the reference beam exits spatial light modulator 3 5 A. 1 1 , 

[0063] FIG. 4 is a simplified conceptual view of transmissive optical array 41 and a 
transmissive perimeter reference zone 42. Again, transmissive optical array 41 includes a set 
of controllable optical elements, which can be selectively controlled to pass or block light 
from the input light source in order to, define: a pixel array, which represents encoded data. 
By way of example, the pixel array may be a ^000 X 1000 bit array of pixels, although the 
invention could be applied with arrays of any size. 

[0064] Perimeter reference zone 42 is positioned around the set of controllable optical 
elements of transmissive optical array 41. Perimeter reference zone 42 creates a reference 
beam from a perimeter portion of the input light source. The perimeter reference zone may 

comprise a fixed reference mask that createslthe reference beam, and may define a unique 
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output that may provide for data encryption in the stored holograms. In creating the 
reference beam, perimeter reference zone 42 may optically adjust one or more optical 
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characteristics of the perimeter portion of the input light source, such as an amplitude pattern, 
a phase pattern, or combinations thereof. 

[0065] Perimeter reference zone 42 may comprise one or more fixed transmissive optical 
elements. In other words, perimeter reference zone 42 comprises one or more non- 
controllable elements that statically define the reference beam. For example, perimeter 
reference zone 42 may comprise a replicated structure, a coated structure or any other 
structure to optically define a reference beam having some type of signature. The signature 
of the reference beam must be substantially duplicated to facilitate readout. Such a perimeter 
reference zone 42 may be fabricated using mastering and stamping techniques common to 
optical disk manufacturing, such that numerous similar perimeter reference zones can be 
created the same for use in different holographic systems. In that case, holographic media 
may be read by different systems. Alternatively, the perimeter reference zone 42 may define 
a unique pattern such that only a particular system can read its holographic media. In that 
case, perimeter reference zone 42 can be viewed as a mask that encodes the holograms for 
improved data security. 

[0066] The use of a fixed or non-controllable perimeter reference zone 42 provides 
advantages in terms of reduced cost and simplicity in holographic recording system 30. 
Transmissive optical array 41 may take advantage of more uniform light intensity of an 
expanded laser beam characteristically exhibiting Gaussian light distribution, relative to the 
intensity on perimeter reference zone 42. In particular, more uniform intensity light in the 
interior portion may be better suited for data encoding relative to light at the perimeter of the 
Gaussian light distribution. 

[0067] In addition, the size of perimeter reference zone 42 relative to the size of transmissive 
optical array 41 may be selected to achieve substantially equal intensities in the object and 
reference beams. For example, perimeter reference zone 42 may be larger in area than the set 
of controllable elements that make up transmissive optical array 42 so that substantially equal 
intensities of light illuminate the perimeter reference zone and controllable interior portion 
when Gaussian light distribution illuminates spatial light modulator 3 5 A. 
[0068] FIG. 5 is a block diagram of a spatial light modulator 35B, which may correspond to 
spatial light modulator 35 of FIG. 2. In this case, spatial light modulator 35B includes a first 
transmissive optical array 51, a second transmissive optical array 52, and a control unit 53 to 
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control the individual elements of first and second transmissive optical arrays 51, 52. First 
transmissive optical array 51 includes a first set of controllable optical elements to create a 
data encoded object beam from a first controllable portion of an input light source. Second 
transmissive optical array 52 includes a second set of controllable optical elements to create a 
reference beam from a second controllable portion of an input light source. Control unit 53 
comprises a typical SLM controller, but controls both sets of controllable optical elements to 
define a desired pixel array to be stored as a hologram and the reference beam to be used. In 
other words, control unit 53 controls both first and second transmissive optical arrays 51, 52. 
[0069J The first set of controllable optical elements which form first transmissive optical 
array 51 may form an interior portion of spatial light modulator 35B and the second set of 
controllable optical elements which form second transmissive optical array 52 may form a 
perimeter portion of spatial light modulator 35B. Alternatively, any respective portions of 
spatial light modulator 35B may be used to define the first and second transmissive optical 
arrays 51, 52. For example, the locations of first and second transmissive optical arrays 51, 
52 could be reversed, or first and second transmissive optical arrays 51, 52 could reside 
side-by-side. However, as mentioned above, use of the interior portion for creating of the 
data encoded object beam may provide certain advantages in the creation of holograms 
because an expanded laser beam characteristically exhibiting Gaussian light distribution 
results in more uniform light intensity in the interior portion. For readout of stored 
holograms, control unit 53 controls first and second transmissive optical arrays 51, 52 to 
define a desired reference beam and to block light through the object path so that only the 
reference beam exits spatial light modulator 35B. 

[0070] FIG. 6 is a simplified conceptual view of a first transmissive optical array 51 and a 
second transmissive optical array 52. Both first and second transmissive optical arrays 5 1 
and 52 are controllable. First transmissive optical array 51 defines the data encoded object 
beam, and second transmissive optical array defines a reference beam. By controlling the 
optical elements of first transmissive optical array 51, a bit map can be defined, and by 
controlling the optical elements of second transmissive optical array 52, a reference beam can 
be defined for the bit map. The pixel arrays for both the object and reference beams may 
include thousands or millions of pixels, although the invention could be applied with arrays 
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of any size. For simplicity, the illustrated arrays 51, 52 include a small subset of the 
thousands or millions of elements that would be included in a real system. 
[0071] In this example, the first set of controllable optical elements which form first 
transmissive optical array 51, form an interior portion of spatial light modulator 35B, and the 
second set of controllable optical elements which form second transmissive optical array 52 
form a perimeter portion of spatial light modulator 35B. However, in other embodiments, 
any respective portions of spatial light modulator 35B may be used to define the first and 
second transmissive optical arrays 51, 52. 

[0072] First transmissive optical array 5 1 creates a data encoded object beam from a first 
portion of the input light source. In other words, the optical elements of first transmissive 
optical array 5 1 are collectively defined such that some elements transmit light and other 
elements block light. In this manner, a pixel array or bit map is encoded in an object beam. 
[0073] Second transmissive optical array 52 creates a reference beam from a second portion 
of the input light source. In other words, the optical 1 elements of second transmissive optical 
array 52 are collectively defined such that some elements transmit light and other elements 
block light. In this manner, a reference mask is encoded in the reference beam. Accordingly, 
different reference beams can be created for different object beams such that different 
holograms have different reference beams. This can improve the ability to multiplex 
holograms, and in some cases allows for two or more holograms to be recorded in 
substantially the same volume of a medium. 

[0074] Readout of the different holograms would be performed by illumination of the same 
medium with the various different reference beams at corresponding locations where 
respective holograms were recorded using such reference beams. The reference beams of 
different holograms recording in a given volume of the medium may be substantially 
non-correlated. Substantial non-correlation between different reference beams helps 
multiplexing by ensuring that two or more holograms can be recorded in substantially the 
same volume of a medium. Other multiplexing techniques, however, could be used in 
conjunction with the creation of non-correlated reference beams, e.g., angle multiplexing, 
shift multiplexing, wavelength multiplexing techniques, or the like. 
[0075] FIG. 7 illustrates another holographic system 70 according to an embodiment of the 
invention that makes use of a transmissive spatial light modulator 35 to both encode data on 
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the object beam and create a reference beam. Spatial light modulator 35 of FIG. 7 may 
correspond to either spatial light modulator 35 A or spatial light modulator 35B described 
above with reference to FIGS. 3-6. 

[0076] System 70 includes a laser 71 to provide an input light source to system 70. One or 
more optical elements 72 can be used to condition the light from laser 71 in order to 
illuminate spatial light modulator 35. In accordance with the invention, spatial light 
modulator 35 creates both a data encoded object beam and a reference beam from the input 
light. In particular, either of the distinct embodiments described herein may be used. In one 
case, spatial light modulator 35 includes a first set of controllable optical elements to create a 
data encoded object beam from an input light source and a second set of controllable optical 
elements to create a reference beam from the input light source. A control unit of spatial 
light modulator 35 can be used to control the first set of controllable optical elements in order 
to define a bit map in the data encoded object beam and to control the second set of 
controllable optical elements in order to define a reference mask in the reference beam. 
[0077] In the other case, spatial light modulator 35 includes a set of controllable optical 
elements to create a data encoded object beam from an interior portion of an input light 
source, and a perimeter reference zone positioned around the set of controllable optical 
elements to create a reference beam from a perimeter portion of the input light source. In 
that case, the perimeter reference zone may comprise a fixed reference mask that creates the 
reference beam. 

[0078] Again, the different embodiments of spatial light modulator 35 described herein may 
provide advantages relative to each other. In particular, the use of a fixed or non-controllable 
perimeter reference zone provides advantages in terms of reduced cost and simplicity in the 
holographic recording system. On the other hand, use of controllable optical elements to 
create a reference beam provides greater flexibility and improved ability for multiplexing 
relative to use of a non-controllable perimeter reference zone to create the reference beam. 
[0079] In system 70, the object and reference beams follow substantially the same optical 
paths, which can greatly simplify the holographic system 70. The object and reference 
beams exit spatial light modulator 35 and pass through beam splitter 74 before interfering in 
a holographic medium 77 to record a hologram. One or more optical elements 76 can be 
used to condition the object and reference beams so that the beams properly interfere in 
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medium 77. Medium 77 may take the form of a disk or a card, or any other holographic 
media format. For example, medium 77 may have a sandwich construction in which a 
photosensitive material is sandwiched between optically clear and optically reflective 
substrates. 

[0080] In this example, medium 77 is a reflective holographic medium. During readout, 
medium 77 is illuminated by the reference beam only. Spatial light modulator 35 can be 
controlled so that only the reference beam is transmitted to illuminate medium 77. The 
reference beam creates a reconstruction of the original data encoded object beam, which is 
reflected back through optical elements 76 and beam splitter 74. Detector 79, such as a 
camera, is positioned to detect the reconstructed bit map in the reconstructed object beam. 
[0081] Like system 30 of FIG. 3, the physical separation of the various components of 
system 70 may be dependent on focal lengths associated with optical elements 72 and 76. 
For example, a 4F configuration, or a wide variety of other optical arrangements, could also 
be used. In particular, optical arrangements could be defined so that the holograms comprise 
Fourier transform holograms, image plane holograms, Fresnel holograms, van de Lugt 
holograms, or any other type of holograms that can store the data encoded in the object beam 
by spatial light modulator 35. 

[0082] In any case, spatial light modulator 35 facilitates creation of both the object and 
reference beams. In particular, different portions of spatial light modulator 35 are used to 
create the data encoded object beam and the reference beam, which are then made to interfere 
in a holographic medium to record a hologram. Accordingly, the object and reference beams 
follow substantially the same optical path, which can simplify the holographic recording 
system. In some cases, the reference beam is created by controllable elements which 
provides more flexibility to system 70 in terms of creation of the different reference beams. 
In other cases, the reference beam is created by a non-controllable perimeter reference zone 
which adds simplicity to system 70 and may reduce production costs associated with system 
70. 

[0083] FIG. 8 illustrates another holographic system 80 according to an embodiment of the 
invention. In this example, system 80 makes use of a reflective spatial light modulator 85 to 
both encode data on the object beam and create a reference beam. Spatial light modulator 85 
of FIG. 8 is very similar to spatial light modulators 35 A and 35B described above with 
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reference to FIGS. 3-6. However, in spatial light modulator 85, the optical elements used to 
create the object and reference beams are reflective elements rather than transmissive 
elements. 

[0084] System 80 includes a laser 81 to provide an input light source to system 80. One or 
more optical elements 82 can be used to condition the light from laser 81 in order to 
illuminate spatial light modulator 85. Light from laser 81 and conditioned by elements 82 is 
reflected to spatial light modulator 85 by beam splitter 84. 

[0085] In accordance with the invention, spatial light modulator 85 creates both a data 
encoded object beam and a reference beam from the input light. Like the transmissive 
embodiments described above, two distinct reflective embodiments are described in greater 
detail below for spatial light modulator 85. In one case, spatial light modulator 85 includes a 
first set of controllable reflective optical elements to create a data encoded object beam from 
an input light source and a second set of controllable reflective optical elements to create a 
reference beam from the input light source. A control unit of spatial light modulator 85 can 
be used to control the first set of controllable reflective optical elements in order to define a 
bit map in the data encoded object beam and to control the second set of controllable 
reflective optical elements in order to define a reference mask in the reference beam. 
[0086] In the second case, spatial light modulator 85 includes a set of controllable reflective 
optical elements to create a data encoded object beam from an interior portion of an input 
light source, and a perimeter reference zone positioned around the set of controllable optical 
elements to create a reference beam from a perimeter portion of the input light source. In 
that case, the perimeter reference zone may comprise a fixed reflective reference mask that 
creates the reference beam. 

[0087] Like the transmissive examples, the different reflective embodiments of spatial light 
modulator 85 described herein may provide advantages relative to each other. In particular, 
the use of a fixed or non-controllable reflective perimeter reference zone provides advantages 
in terms of reduced cost and simplicity in the holographic recording system. On the other 
hand, use of controllable reflective optical elements to create a reference beam provides 
greater flexibility and improved ability for multiplexing relative to use of a non-controllable 
perimeter reference zone to create the reference beam. 
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[0088] In system 80, the object and reference beams follow substantially the same optical 
paths, which can greatly simplify the holographic system 80. The object and reference 
beams exit spatial light modulator 85 and pass through beam splitter 84, before interfering in 
a holographic medium 87 to record a hologram. One or more optical elements 86 can be 
used to condition the object and reference beams so that the beams properly interfere in 
medium 87. Medium 87 may take the form of a disk or a card, or any other holographic 
media format. For example, medium 87 may have a sandwich construction in which a 
photosensitive material is sandwiched between two optically clear glass or plastic substrates. 
[0089] Like the transmissive embodiments, the physical separation of the various 
components of system 80 may be dependent on focal lengths associated with optical 
elements 82 and 86. For example, a 4F configuration, or a wide variety of other optical 
arrangements, could also be used. In particular, optical arrangements could be defined so 
that the holograms comprise Fourier transform holograms, image plane holograms, Fresnel 
holograms, van de Lugt holograms, or any other type of holograms that can store the data 
encoded in the object beam by spatial light modulator 85. 

[0090] In order to read stored holograms, spatial light modulator 85 is controlled to 
substantially block the light through the object path. In other words, the elements of spatial 
light modulator 85 which are used to create a data encoded object beam are made to be 
non-reflective in order to block substantially all light from the object path. Accordingly, in 
that case, only the reference beam exits spatial light modulator 85 to illuminate medium 87. 
When a stored hologram on medium 87 is illuminated by the reference beam only for that 
given hologram, a reconstruction of the data encoded object beam is created and can be 
detected by detector 89. For example, detector 89 may comprise a camera. One or more 
optical elements 88 may be used to condition the reconstructed object beam for proper 
illumination of the encoded pixel array onto detector 89. 

[0091] FIG. 9 is a block diagram of a spatial light modulator 85 A, which may correspond to 
spatial light modulator 85 of FIG. 8. In this case, spatial light modulator 85A includes a 
reflective optical array 91, a reflective perimeter reference zone 92, and a control unit 93 to 
control the individual elements of reflective optical array 91. Reflective optical array 91 may 
include a set of controllable reflective optical elements to create a data encoded object beam 
from an interior portion of an input light source. Control unit 93 comprises a typical SLM 
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controller and controls set of controllable reflective optical elements to define a desired pixel 
array to be stored as a hologram. Moreover, for readout of stored holograms, control unit 93 
controls set of controllable reflective optical elements to block light through the object path 
so that only the reference beam exits spatial light modulator 85 A. 
[0092] FIG. 10 is a simplified conceptual view of a reflective optical array 91 and a 
reflective perimeter reference zone 92. Again, reflective optical array 91 includes a set of 
controllable optical elements, which can be selectively controlled to pass or block light from 
the input light source in order to define a pixel array, which represents encoded data. By way 
of example, the pixel array may be a 1000 X 1000 bit array of pixels, although the invention 
could be applied with arrays of any size. 

[0093] Perimeter reference zone 92 is positioned around the set of controllable optical 
elements of reflective optical array 91. Perimeter reference zone 92 creates a reference beam 
from a perimeter portion of the input light source. Perimeter reference zone 92 may 
comprise a fixed reflective reference mask that creates the reference beam, and may define a 
unique output that provides for data encryption in the stored holograms. In creating the 
reference beam, perimeter reference zone 92 may optically adjust one or more optical 
characteristics of the perimeter portion of the input light source, such as the pattern, the 
phase, and/or the polarization of the input light. 

[0094] Perimeter reference zone 92 may comprise one or more fixed reflective optical 
elements. In other words, perimeter reference zone 92 comprises one or more 
non-controllable reflective elements that statically define the reference beam. For example, 
perimeter reference zone 92 may comprise a replicated specular structure, a coated specular 
structure or any other structure to optically reflect arid define a reference beam having some 
type of signature. The signature of the reference beam must be substantially duplicated to 
facilitate readout. Such a perimeter reference zone 92 may be fabricated using mastering and 
stamping techniques such that numerous similar perimeter reference zones can be created the 
same for use in different holographic systems. In that case, holographic media may be read 
by different systems. Alternatively, the perimeter reference zone 92 may define a unique 
pattern such that only a particular system can read its holographic media. In that case, 
perimeter reference zone 92 can be viewed as a reflective mask that encodes the holograms 
for improved data security. 
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[0095] Like the transmissive embodiments, the use of a fixed or non-controllable perimeter 
reference zone 92 provides advantages in terms of reduced cost and simplicity in holographic 
recording system 90. Reflective optical array 91 may take advantage of more uniform light 
intensity of the central portion of a Gaussian light distribution, relative to the intensity on 
perimeter reference zone 92. The size of perimeter reference zone 92 relative to the size of 
reflective optical array 91 may be selected to achieve substantially equal intensities in the 
object and reference beams. For example, perimeter reference zone 92 may be larger in area 
than the set of controllable elements that make up reflective optical array 91 so that 
substantially equal intensities of light illuminate the perimeter reference zone and 
controllable interior portion when Gaussian light distribution illuminates spatial light 
modulator 85A. 

[0096] FIG. 1 1 is a block diagram of a spatial light modulator 85B, which may correspond to 
spatial light modulator 85 of FIG. 8. In this case, spatial light modulator 85B includes a first 
reflective optical array 1 1 1, a second reflective optical array 112, and a control unit 1 13 to 
control the individual elements of first and second reflective optical arrays 111,1 12. First 
reflective optical array 111 includes a first set of controllable reflective optical elements to 
create a data encoded object beam from a first controllable portion of an input light source. 
Second reflective optical array 112 includes a second set of controllable reflective optical 
elements to create reference beam from a second controllable portion of an input light source. 
Control unit 113 comprises a typical SLM controller and controls sets of controllable 
reflective optical elements to define a desired pixel array to be stored as a hologram. In other 
words, control unit 113 controls both first and second reflective optical arrays 111, 112. 
[0097] The first set of controllable reflective optical elements which form first reflective 
optical array 111 may form an interior portion of spatial light modulator 85B and the second 
set of controllable reflective optical elements which form second reflective optical array 112 
may form a perimeter portion of spatial light modulator 85B. Alternatively, any respective 
portions of spatial light modulator 85B may be used to define the first and second reflective 
optical arrays 111,1 12. For example, the position of first and second reflective optical arrays 
111, 112 could be reversed, or the first and second reflective optical arrays 111, 1 12 could 
reside side-by-side. Again, however, using the interior portion for creating of the data 
encoded object beam may provide certain advantages in the creation of holograms because 
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Gaussian light distribution results in more uniform light intensity in the interior portion. For 
readout of stored holograms, control unit 113 controls first and second reflective optical 
arrays 111, 1 12 to define a desired reference beam and to block light through the object path 
so that only the reference beam exits spatial light modulator 85B. 
[0098] FIG. 12 is a simplified conceptual view of a first reflective optical array 1 1 1 and a 
second reflective optical array 112. Both first and second reflective optical arrays are 
controllable. First reflective optical array 111 defines the data encoded object beam, and 
second reflective optical array 1 12 defines a reference beam. By controlling the reflective 
optical elements of first reflective optical array 1 1 1, a bit map can be defined, and by 
controlling the optical elements of second reflective optical array 112, a reference beam can 
be defined for the bit map. The pixel arrays for both the object and reference beams may 
include thousands or millions pixels, although the invention could be applied with arrays of 
any size. For simplicity, the illustrated arrays 111,112 include a small subset of the 
thousands of millions of reflective elements that would be included in a real system. 
[0099] In this example, the first set of controllable optical elements which form first 
reflective optical array 111, comprise an interior portion of spatial light modulator 85B, and 
the second set of controllable optical elements which form second reflective optical array 112 
comprise a perimeter portion of spatial light modulator 85B. However, in other 
embodiments, any respective portions of spatial light modulator 85B may be used to define 
the first and second transmissive optical arrays 111,1 12. 

[0100] First reflective optical array 111 creates a data encoded object beam from a first 
portion of the input light source. In other words, the optical elements of first reflective 
optical array 1 1 1 are collectively defined such that some elements reflect light and other 
elements block light. In this manner, a pixel array or bit map is encoded in an object beam. 
[0101] Second transmissive optical array 1 12 creates a reference beam from a second portion 
of the input light source. In other words, the optical elements of second reflective optical 
array 1 12 are collectively defined such that some elements reflect light and other elements 
block light. In this manner, a reference mask is encoded in the reference beam. 
Accordingly, different reference beams can be created for different object beams such that 
different holograms have different reference beams. This can improve the ability to 



23 



Docket No.: 10415US01 



multiplex holograms, and in some cases allows for two or more holograms to be recorded in 
substantially the same volume of a medium. 

[0102] Readout of the different holograms would be performed by illumination of the 
medium with the various different reference beams at the locations where holograms are 
recorded. The reference beams of different holograms recording in a given volume of the 
medium may be substantially non-correlated. Substantial non-correlation between different 
reference beams helps multiplexing by ensuring that two or more holograms can be recorded 
in substantially the same volume of a medium. Other multiplexing techniques, however, 
could be used in conjunction with the creation of non-correlated reference beams, e.g., angle 
multiplexing techniques, shift multiplexing techniques, wavelength multiplexing techniques, 
or the like. 

[0103] FIG. 13 illustrates another holographic system 130 according to an embodiment of 
the invention that makes use of a reflective spatial light modulator 85 to both encode data on 
the object beam and create a reference beam. Spatial light modulator 85 of FIG. 13 may 
correspond to either spatial light modulator 85 A or spatial light modulator 85B described 
above with reference to FIGS. 9-12. 

[0104] System 130 includes a laser 131 to provide an input light source to system 130. One 
or more optical elements 132 can be used to condition the light from laser 131 in order to 
illuminate spatial light modulator 85. Light from laser 131 and conditioned by elements 132 
is reflected to spatial light modulator 85 by beam splitter 134. 

[0105] In accordance with the invention, spatial light modulator 85 creates both a data 
encoded object beam and a reference beam from the input light. In particular, either of the 
distinct embodiments described herein may be used. In one case, spatial light modulator 85 
includes a first set of controllable reflective optical elements to create a data encoded object 
beam from an input light source and a second set of controllable reflective optical elements 
to create a reference beam from the input light source. A control unit of spatial light 
modulator 85 can be used to control the first set of controllable optical elements in order to 
define a bit map in the data encoded object beam and to control the second set of controllable 
optical elements in order to define a reference mask in the reference beam. 
[0106] In the other case, spatial light modulator 85 includes a set of controllable reflective 
optical elements to create a data encoded object beam from an interior portion of an input 
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light source, and a reflective perimeter reference zone positioned around the set of 
controllable optical elements to create a reference beam from a perimeter portion of the input 
light source. In that case, the perimeter reference zone may comprise a fixed reflective 
reference mask that creates the reference beam. 

[0107] In system 130, the object and reference beams follow substantially the same optical 
paths, which can greatly simplify holographic system 130 relative to conventional systems. 
The object and reference beams exit spatial light modulator 85 and pass through beam splitter 
134 before interfering in a holographic medium 137 to record a hologram. One or more 
optical elements 136 can be used to condition the object and reference beams so that the 
beams properly interfere in medium 137. Medium 137 may take the form of a disk or a card, 
or any other holographic media format. For example, medium 137 may have a sandwich 
construction in which a photosensitive material is sandwiched between an optically clear 
substrate and an optically reflective substrate. 

[0108] In this example, medium 137 is a reflective holographic medium. During readout, 
medium 137 is illuminated by the reference beam only. Spatial light modulator 85 can be 
controlled so that only the reference beam is transmitted to illuminate medium 137. The 
reference beam creates a reconstruction of the original data encoded object beam, which is 
reflected back through optical elements 136 and beam splitter 134. Detector 139, such as a 
camera, is positioned to detect the reconstructed bit map in the reconstructed object beam. 
[0109] Like the other holographic systems described herein, the physical separation of the 
various components of system 130 may be dependent on focal lengths associated with optical 
elements 132 and 136. For example, a 4F configuration, or a wide variety of other optical 
arrangements, could also be used. In particular, optical arrangements could be defined so 
that the holograms comprise Fourier transform holograms, image plane holograms, Fresnel 
holograms, van de Lugt holograms, or any other type of holograms that can store the data 
encoded in the object beam by spatial light modulator 85. 

[0110] In any case, spatial light modulator 85 facilitates creation of both the object and 
reference beams. In particular, different portions of spatial light modulator 85 are used to 
create the data encoded object beam and the reference beam, which are then made to interfere 
in a holographic medium to record a hologram. Accordingly, the object and reference beams 
follow substantially the same optical path, which can simplify the holographic recording 
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system. In some cases, the reference beam is created by controllable reflective elements 

! ii 

which provides more flexibility to system 13'Oj in terms of creation of the different reference 
beams, and in other cases, the reference beam is created by a non-controllable perimeter 
reflective reference zone which adds simplicity to system 130 and may reduce production 
costs associated with system 130. 

[0111] Various embodiments of the invention have been described. For example, techniques 
for creating both an object beam and a reference beam using a spatial light modulator have 
been described. Different portions of the spatial light modulator are used to create the data 
encoded object beam and the reference beam, which are then made to interfere in a 
holographic medium to record a hologram. Accordingly, the object and reference beams 
follow substantially the same optical path, which can simplify the holographic recording 
system. , i j. , i, ; 

[0112] In one embodiment, a transmissive jspatial li^ht modulator includes a first set of 
controllable transmissive optical elements to, create, a data encoded object beam from an input 
light source and a second set of controllable transmissive optical elements to create a 
reference beam from the input light source. In another embodiment, a reflective spatial light 
spatial light modulator includes a first set of controllable reflective optical elements to create 
a data encoded object beam from an input light source and a second set of controllable 
reflective optical elements to create a reference beam from the input light source. In another 
embodiment, a spatial light modulator includes a set of controllable transmissive optical 
elements to create a data encoded object beam from an interior portion of an input light 
source, and a perimeter transmissive reference zone positioned around the set of controllable 
transmissive optical elements to create a reference beam from a perimeter portion of the input 
light source. In another embodiment, a spatial light modulator includes a set of controllable 
reflective optical elements to create a data encoded object beam from an interior portion of 
an input light source, and a perimeter reflective reference zone positioned around the set of 
controllable reflective optical elements to create a reference beam from a perimeter portion 
of the input light source. .' : ( . ,» ■ . u 

[0113] Yet another advantage of the techniques described herein is the ability to provide for 
improved detection of stored holograms. For 1 example, if the reference beam and object 
beam are created from different portions of the spatial light modulator, the reference beam 
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and object beam can be viewed as respective portions of an SLM plane within the spatial 
light modulator. When a hologram image is reconstructed at the detector plane, this 
hologram image will substantially replicate the image that was encoded at the SLM plane 
during prerequisite recording of the hologram. Therefore, reference beam light intensity will 
not coincide or overlap the reconstruction of the object beam in the detector plane. This can 
improve the ability to read holograms from holographic media by reducing or eliminating 
reference light contributions that might otherwise degrade the reconstructed object. 
[0114] The reference beams described herein can define unique optical patterns. Adding 
such characteristics to a reference beam is sometimes referred to as adding phase selectivity 
in the reference beams. In particular, phase selectivity can be used to improve differentiation 
of overlapping holograms in a holographic recording medium. A phase mask in the 
reference beam, e.g., having a checkerboard-like configuration, can introduce desired phase 
content into the reference beam which can improve the ability to differentiate holograms of 
an overlapping series. Such "phase-correlation multiplexing" may be independent of Bragg 
selectivity techniques, which are sometimes used to facilitate multiplexing of holograms. In 
any case, introduction of phase selectivity, e.g., using either controllable reflective or 
transmissive elements, or a reflective or transmissive perimeter reference zone, may improve 
the system by enabling improved multiplexing selectivity, resulting in higher storage 
capacity in holographic media. 

[0115] Still other characteristics of the reference beam may also be defined by either 
controllable reflective or transmissive elements, or a reflective or transmissive perimeter 
reference zone. Characteristics of the reference beam which can be defined include phase or 
amplitude of the beam or portions of the beam, polarization, or other characteristics. For 
example, if a desired polarization is needed, the controllable reflective or transmissive 
elements may include transmissive or reflective polarizers, or a reflective or transmissive 
perimeter reference zone may comprise transmissive or reflective polarizers. 
[0116] In still other embodiments, the respective portions of the spatial light modulator used 
to create the object and reference beams could be located in different locations relative to one 
another. For example, first and second sets of controllable optical elements could be 
positioned so that the reference set of elements is in the interior rather than the perimeter, or 
the first and second sets of elements could be positioned side-by-side or in other locations 
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relative to each other. If a non-controllable reference zone is used, it could also be in the 
interior rather than the perimeter. In that case, a technique may comprise optically directing 
the interior portion of the input light source with an interior reference zone positioned inside 
a set of controllable optical elements of the spatial light modulator. These and other 
embodiments are within the scope of the following claims. 
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